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A study i s  made of the impl icat ions o f  the recent p o l a r i z a t i o n  
measurements f o r  the  s t ruc tu res  of  d isc re te  rad io  sources and the source- 
observer media. Simple models o f  wavelength dependent depo lar iz ing  
mechanisms are i nves t i ga ted  and i t  i s  found t h a t  most are imcompatible 
w i t h  the observat ions o f  Gardner and Whiteoak. The models o f  in te rna l  
Faraday d ispers ion p r e d i c t  a lower po la r i za t i on  a t  3Ocm than i s  observed. 
It i s  suggested t h a t  the depolar izat ion o f  the Crab nebula i s  produced by 
Faraday r o t a t i o n  i n  the f i lamentary s h e l l  t h a t  surrounds the nebula. Such 
1 
f i l aments  could a l so  e x i s t  i n  the outer regions o f  ex t raga lac t i c  sources. 
I 
A complex number representat ion i s  used for  the s ta te  o f  1 inear 
p o l a r i z a t i o n  and a Faraday dispersion func t i on  i s  def ined t o  describe the 
d i s t r i b u t i o n  of po la r ized  rad ia t i on  w i t h  respect t o  Faraday depth. The 
pers is tence o f  p o l a r i z a t i o n  a t  3Ocm, a f t e r  p a r t i a l  depo lar iza t ion  between 
lOcm and 20cm, impl ies t h a t  the  rad ia t i on  i s  spread over a la rge  range o f  
Faraday depths. 
p o l a r i z a t i o n  against  wavelength squared impl ies t h a t  i t  i s  j u s t i f i a b l e  t o  
make an assumption which enables one t o  ca l cu la te  the Faraday d ispers ion func t ion  
o f  a source from the  dependence of  i t s  p o l a r i z a t i o n  on wavelength. 
The observed l i n e a r i t y  o f  the p l o t  o f  the angle o f  
Upper 1 i m i t s  a re  given for  the poss ib le  dens i t ies  o f  in ternal  ion ised 
gases i n  the  sources f o r  which we have p o l a r i z a t i o n  measurements. 
6 
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I I NTRODUCT I ON 
Within the last few years great interest has been shown in 
polarization measurements of discrete radio sources. Early observations 
( 1, 2, 3, 4) were made t o  test the theory of A1 fven and Hevlofsen ( 5) 
that the radiation from the sources is due to the synchrotron emission 
o f  relativistic electrons spiralling in a magnetic field. The unexpected 
results of Cooper and Price ( 6 ) ,  showing the wavelength dependence of the 
state of polarization o f  Centaurus A, revealed the exciting prospect of 
obtaining from such observations much information about the source and the 
media through which its radiation passes. Three further surveys (7, 8, 9)  
are now available and we have polarization measurements of about 30 sources 
at three or more wavelengths. 
The first striking feature of the results to show up i s  the linearity 
of the plot of the angle of polarization against the square of the wavelength. 
The slope of this line for a given source i s  called the rotation measure o f  
the source. Only three sources (3C-353, Taurus A and Pictor A) show reliable 
departures from such a law and in all cases these are small. Cooper and Price 
(6) suggested that this rotation of the plane o f  polarization is produced 
by the Faraday effect occurring in the vicinity of our Galaxy. 
substantiated by the surveys of Gardner and Whiteoak (7) and Seielstad, Morris 
and Radhakrishnan (8) which showed that there is a correlation between the 
rotation measure and the galactic latitude of a source. 
This has been 
The o ther  important feature i s  t h a t  the degrze o f  p o l a r i z a t i o n  o f  
most sources decreases w i t h  increasing wavelength, and i n  no case i s  there 
a s i g n i f i c a n t  increase. It was suggested (7)  t h a t  the depo lar iza t ion  i s  
produced by d i f f e r e n t i a l  Faraday r o t a t i o n  o f  d i f f e r e n t  1 ines of s i g h t  through 
the galaxy. Howtver, i n  reference 8 i t  was found t h a t  there i s  no c o r r o l a t i o n  
bztween the r a t e  of depo lar iza t ion  and g a l a c t i c  l a t i t u d e .  It i s  shown i n  
t h i s  paper t h a t  i t  i s  l i k e l y  t h a t  the depo lar iza t ion  is due t o  Faraday r o t a t i o n  
i n  the o u t s k i r t s  o f  the sources themselves. 
1. POLARIZATION OF THE RADIATION FROM AN EXTENDED SOURCE 
The s t a t e  o f  p o l a r i z a t i o n  o f  monochromatic electromagnet ic r a d i a t i o n  i s  
def ined by the f o u r  Stokes parameters 3, i& U and V (10). This paper i s  
concerned w i t h  1 inear po la r iza t ion ,  which can be represented by P, ths complex 
1 inear p o l a r i z a t i o n ,  def ined as 
where the parameters p a n d x a r e  the "degree" and "angle" o f  p o l a r i z a t i o n .  
For r a d i a t i o n  which covers a range o f  f requencies we may w r i t e  
I = J I ( v ) d v  , 
0 
( 2 !  
and s i m i l a r  expressions f o r  Q, U and V. The funct ions I ( V ) ,  Q ( V ) ,  u ( V )  
V ( v ) ,  are  the Stokes parameters fo r  the r a d i a t i o n  a t  frequency v. 
3 
The complex p o l a r i z a t i o n  P(V)  can be def ined by an equation s i m i l a r  t o  
(1). Hence: 
The Stokes parameters f o r  the superposed r a d i a t i o n  from incoherent 
beams are the sums of the parameters f o r  the i nd i v idua l  beams. The s ta te  o f  
p o l a r i z a t i o n  of the t o t a l  rad ia t i on  a r r i v i n g  a t  an observer from an zxtended 
source may therefore b e  expressed as: 
I( v, c) P( v,  L) dvdV 
= s J J  urce o &- 
source O 
where I(v,I)dvdV i s  the i n t e n s i t y  o f  the r a d i a t i o n  in  the frzquency range v 
t o  v+dv coming from a volume dV s i tua ted  a t  the  p o i n t  1, and P(v,I-) i s  i t s  
complex p o l a r i z a t i o n .  This i s  the average o f  Pv,L) taken over frequency and 
space w i t h  weight ing f a c t o r  I(v,L). 
The f l u x  densi ty  and p o l a r i z a t i o n  o f  the r a d i a t i o n  from a source depend 
on the  p roper t i es  o f  the source and the  media through which i t s  r a d i a t i o n  
passes. 
Wdv from volume dV a t  - r i n  the d i r e c t i o n  o f  an observer a t  the o r i g i n ,  and 
P( v,d e 2io((d f o r  i t s  i n t r i n s i c  po la r i za t i on .  
due t o  synchrotron emission i t  fol lows t h a t  the degree o f  p o l a r i z a t i o n  and 
We w r i t e  €(v,L)dVdv f o r  the power rad iated per u n i t  steradian i n  v t o  
Assuming t h a t  the r a d i a t i o n  i s  
the 
e m i s s i v i t y  depend on the energy and p i t c h  angle d i s t r i b u t i o n  o f  the r e l a t i v i s t i c  
e lec t rons  and on HA, the magnetic f i e l d  s t rength perpendicular t o  the l i n e  of  
s igh t .  I f  the  energy spectrum i s  a power law o f  index 3 and the p i t c h  d i s t r i -  
bu t i on  i s  i s o t r o p i c  then 
4. 
thz e m i s s i v i t y  i s  propor t ional  t o  H ’+’)’* and the i n t r i n s i c  degree o f  
p o l a r i z a t i o n  i s  (11). The p o l a r i z a t i o n  d i r e c t i o n  i s  g,,HA. 
J 
38 +7 
The p o l a r i z a t i o n  measurements have been made a t  h igh enough frequencies 
f o r  the absorpt ion of r a d i a t i o n  by the media between source and observer t o  
be negl i g i b l e .  If magnetic f i e l d s  and f r e e  e lect rons e x i s t  i n  these media 
Faraday r o t a t i o n  w i l l  occur, the angle o f  r o t a t i o n  o f  the plane o f  p o l a r i z a t i o n  
being given by the we l l  known expression 
r r 
w h e r e h i s  the wavelength corresponding t o  the frequency v,n and 
densi ty  of  f ree e lect rons and the magnetic f i e l d  s t rength i n  the intervening 
media, k i s  a u n i t  vector in the d i r e c t i o n  o r  I, kds i s  an element o f  path 
between the  observer and 5 and K =  2.62 X 10 
throughout. We c a l l  @(r) the Faraday depth o f  the p o i n t  - r. Since the 
observed angle o f  p o l a r i z a t i o n  o f  the r a d i a t i o n  from each p a r t  o f  the source 
i s  wavelength dependent so a l so  i s  the s t a t e  o f  p o l a r i z a t i o n  o f  the whole 
source. 
on l y  e f f e c t  i s  a r o t a t i o n  o f  t he  angle o f  p o l a r i z a t i o n  by an amount 
p ropor t i ona l  t o  A*. 
are the 
-17 
when c.9.s. u n i t s  are used 
If a l l  po in ts  o f  the source are a t  the same Faraday depth then the 
When there are regions a t  d i f f e r e n t  Faraday depths the 
- r e l a t i v e  angles  o f  p o l a r i z a t i o n  vary by an amount propor t ional  toh‘, t h i s  
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5. 
Faraday d ispers ion i n  general g i v ing  r i s e  t o  depo lar iza t ion  which i s  
more e f f e c t i v e  f o r  la rger  than for smal ler  wavelengths. 
discuss depo lar iza t ion  by Faraday dispersion i n  more d e t a i l  i n  l a t e r  
sect ions. 
We sha l l  
The observed p o l a r i z a t i o n  i s  a lso dependent on the  proper t ies  of 
the measuring system. When the  apparent s ta te  o f  p o l a r i z a t i o n  var ies  
over the source the use of a e r i a l s  w i t h  d i f f e r e n t  po la r  diagrams could 
g ive r i s e  t o  d i f f e r e n t  weightings i n  the averaging o f  po la r iza t ion .  This 
e f f e c t  (Beamwidth e f f e c t )  i s  q u i t e  not iceable i n  the o p t i c a l  surveys o f  
the Crab nebula (l2,13,14). 
been much la rge r  than the angular dimensions of  the source and so a l l  
par ts  received equal weighting. 
For most rad io  observations the beamwidth has 
A receiver  i s  not  monochromatic but  ampl i f ies  a l l  the rad ia t i on  w i t h  
frzquencies w i t h i n  a small band about the  frequency o f  observation. If 
Faraday r o t a t i o n  occurs the apparent angle o f  po la r iza t ion ,  which i s  
frequency dependent, w i l l  be smeared out  even f o r  t6e rad ia t i on  from a 
s i n g l e  po in t .  Suppose t h a t  the  bandwidth i s  A v  about the frequency v 
and t h a t  the  Faraday r o t a t i o n  a t  t h i s  frequency i s  f. The degree of  
p o l a r i z a t i o n  i s  reduced by the fac to r  -r sin Af where Af = 2 f  ,q, i s  the 
spread i n  angle o f  p o l a r i z a t i o n  across the  band. The cond i t ion  f o r  t h i s  
z f f e c t  (Bandwidth e f fec t )  t o  be unimportant i s  Af << 1 f o r  a l l  pa r t s  of  
the  source. This cond i t i on  i s  s a t i s f i e d  f o r  each o f  the sources so f a r  
observed i f  the Faraday depths o f  a l l  par t s  a re  o f  the same order as the 
r o t a t i o n  measure o f  the whole source. 
Assuming t h a t  absorption, beanwidth and bandwidth e f f e c t s  are 
unimportant the expression for the  observed p o l a r i z a t i o n  a t  frequency v 
i s  
Apart from Faraday d ispers ion there i s  one fu r the r  process which can 
produce v a r i a t i o n s  o f  the observed p o l a r i z a t i o n  w i t h  frequency. 
2. SPECTRAL EFFECT 
This e f f e c t  i s  due t o  s p a t i a l  va r ia t i ons  of  both the emission spectrum 
and the  s t a t e  of  po la r i za t i on .  In order t o  est imate i t s  importance we take 
the  case where the  source may be considered as cons is t i ng  o f  two regions 
w i t h  d i f f e r e n t  spectra and po la r iza t ions .  
of t he  two componets a re  p 
-B 
k e 2 .  The p o l a r i z a t i o n  of the  hole  source i s  
Suppose t h a t  the  p o l a r i z a t i o n s  
and p and t h a t  t he  spect ra a r e  k vwp$ and 
1 2 1 
2 
rPl + P2 
P =  
r + 1  
where r = 
components- T h i s  s i t u a t i o n  has two mafn types. 
V-(p1-p2) i s  the r a t i o  o f  the f l uxes  from the two 
k2 
A. The f i r s t  i s  t he  case where the degrees of  p o l a r i z a t i o n  are the 
same and the i n t e r a c t i o n  i s  due t o  d i f f e r i n g  angles o f  po la r i za t i on .  If 
the degrees of p o l a r i z a t i o n  are aboutp and the the d i f f e rence  in  p o l a r i z a t i o n  
angles i s e t h e n  the minimum degree o f  p o l a r i z a t i o n  P c o s e ,  occurs when 
r r l .  I n  passing from small t o  large wavelengths the i n t r i n s i c  angle o f  
p o l a r i z a t i o n  i s  ro ta ted  by an angle e, imply ing q u i t e  a s i g n i f i c a n t  departure 
from a )f law o f  ro ta t i on .  i n  general i t  seems u n l i k e l y  t h a t  such deviat ions 
ex is t ,  though there are several sources f o r  which t h i s  p o s s i b i l i t y  cannot 
be r u l e d  out. 
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The observed f a c t  t h a t  the degree o f  p o l a r i z a t i o n  always decreases w i t h  
k i n c r e a s i n g  imp1 ies t h a t  i t  i s  always the component which i s  l ess  intense 
a t  the frequencies o f  p o l a r i z a t i o n  observations which has the steeper spectrum. 
If the wavelength i s  increased s t i l l  f u r t h e r  u n t i l  r > l  the degree o f  
p o l a r i z a t i o n  w i l l  r i s e  again - th is  has n o t  been observed. 
model t o  the data we f i n d  t h a t  f o r  most sources the required d i f f e rence  i n  
spect ra l  ind ices i s  greater  than 0.2 and t h a t  r*1 a t  a wavelength i n  the 
range 3Ocm - 60cm. 
spectrum a t  rad io  wavelengths - t h i s  has no t  been observed (15). 
t 
F i t t i n g  t h i s  
I .  The superposit ion o f  two such spectra produces a concave 
7. i 
B. 
the same but  the two regions have considerably d i f f e r e n t  degrees o f  
po la r i za t i on .  This i s  perhaps qu i te  f e a s i b l e  in a source where r e l a t i v i s t i c  
p a r t i c l e s  a re  being con t inua l l y  produced in  the cent ra l  regions and energy 
loss mechanisms are  important enough t o  modify t h e i r  spectrum by the time 
they have d i f fused t o  the outer  regions. F i t t i n g  t h i s  model t o  the data 
and tak ing  care the t o t a l  spectrum i s  no t  concave a t  rad io wavelengths we 
f i n d  t h a t  f o r  most sources the required d i f fe rence i n  spectral  ind  ces i s  
between 0.6 and 2.5.  As i t  i s  the less  intense component t h a t  has the f l a t t e r  
spectrum, i n  most cases i t s  spectral index must be negative. A l t h  ugh t h i s  
p o s s i b i l i t y  cannot be ru led  ou t  i t  would seem t h a t  the  requi red mod i f i ca t ions  
o f  t he  spectra by energy losses are excessive. 
The second case i s  where the p o l a r i z a t i o n  angles are about 
3. RANDOM FLUCTUATIONS OF THE MAGNETIC FIELD 
Before studying Faraday dispersion i n  g rea ter  d e t a i l  we should consider 
the e f f e c t  o f  f l uc tua t i ons  o f  the magnetic f i e l d  w i t h i n  a source on the 
i n t r i n s i c  p o l a r i z a t i o n  o f  the whole source. It has been noted f o r  some time 
t h a t  the energy associated w i t h  an ex t raga lac t i c  rad io  source i s  so la rge  
as t o  i nd i ca te  t h a t  some catast rophic  event i nvo l v ing  a whole galaxy o r  
perhaps a super-star has taken place. It is to  be expected then t h a t  the 
n o n - r e l a t i v i s t i c  gas w i l l  be i n  a s ta te  of tu rbu len t  motion; t h i s  motion 
perhaps amp1 i f y i n g  the magnetic f i e l d  and/or acce le ra t ing  the r e l a t i v i s t i c  
p a r t i c l e s .  The tu rbu len t  motion of the gas in  which the f i e l d  l i n e s  are  
9 
f rozen (assuming i n f i n i t e  conduc t i v i t d  w i l l  produce random f l uc tua t i ons  
o f  the magnetic f i e l d  about any overa l l  s t ruc tu re .  
We assurnz t h a t  the magnetic 
un i fo rm ( Hx, H ,H ) and the o thz r  an 
represent by a Gaussiqn o f  variance 
Y Z  
f i e l d  cons is ts  o f  two components, one 
i s o t r o p i c  random f i e l d  which we 
5 HT. The probabi l  i t y  tha t  the 
t o t a l  f i z l d  a t  p o i n t  1 ies  i n  the range - H t o  If + dIf i s :  
Prob ( hx,h ,h ) = ~ - ~ / * e x p  (-[(hx-h:) 2 + (hv-h;) 2 + ( h  -ho) 
Y Z  Z Z  
where hx = Hx/Hr, e tc .  
a p o i n t  i s :  
The complex p o l a r i z a t i o n  o f  the r a d i a t i o n  from such 
( 9) 
( a+l) /2 
We assume t h a t  the e m i s s i v i t y  a t  such a po in t  i s  p ropor t iona l  t o  (H2H2) 
Y 
where a i s  a constant ( t h e  emission spect ra l  index). If the scale o f  the 
random component i s  much less  than the dimensions o f  the source then the 
expression f o r  the i n t r i n s i c  po la r i za t i on  of  the whole source reduces to:  
I -  ~ 10 I 
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. 
ho = h cos #3 2 
X 0' 
ho = h sin f 3 )  
Y 0 
(11) 
and the functions lF1 ( . ,  ' ,  . ) are modified hyergeometric functions. 
Equation (10) shows that the polarization i s  reduced from p(g) by a 
factor which depends on the t w o  parameters h2 and a. 
plotted in Figure 1 against log 
density and spzctrum of the relativistic electrons are independent of thz 
magnetic fisld then a = 
sources 1 ies in thz range 0.7+0.2 ( 1 5 ) .  It is accurate enough to takz 
a .s 1 obtaining the simple result 
This factor is 
0 
(h2)with a as a paramzter. When thd 
10 0 
i s  the radio spectral index which for most 2 
- 
h" 
p(hp) = p(X) 
0 h 2 + 1  . 
0 
( 12; 
The paramzter h2 is a measure 
and random fields. The average energy density in the random field is 
o f  the ratio o f  the energies in the uniform 
0 
1 6 ~  e . Hence if we assume that Hx s H zs HZ then 
Y 
-2 H1 
Enerqy in uniform field 
0 .  Energy in random field h2 - 
. 
11 
l+ . FARADAY DISPERSION - GENERAL REMARKS 
BILforz consider ing some simple models we s h a l l  make a few remarks on 
the Faraday e f f e c t  i n  general.  It i s  q u i t e  obvious from che obszrved 1 incar  
dependence o f  X o n  A2 t h a t  Faraday r o t a t i o n  i s  occur ing and i t  i s  na tura l  tc. 
ask whether the depo lar iza t ion  i s  due t o  Faraday dispersion. 
m u s t  be some r e s t r i c t i o n s  on the  nature o f  the d ispers ion i f  i t  i s  not  t o  
d i s t u r b  the k2 law of r o t a t i o n .  
C lear ly  ther?  
id? can s i m p l i f y  equat ion (6) by superposing a l l  the r a d i a t i o n  from t h z  
same Faraday d ip th .  L - t  E ( @ ) *  be the f r a c t i o n  o f  the t o t a l  r a d i a t i o n  w i t h  
Faraday d:;>th betwzen @and Q+dO and l e t  i t s  i n t r i n s i c  p o l a r i z a t i o n  be 
. The observed p o l a r i z a t i o n  a t  wavzlength A i s  then i%, 0 )  P( 0 )  = p( (3) L2 
which i s  the Four is r  t ransform o f  E(0) P ( 4 ) .  We c a l l  F ( 0 )  = E ( @ ) P ( Q )  t h z  
Faraday d ispers ion  func t ion  of the sourcc. I t  would be very convenient t o  Ix 
able t o  i n v e r t  t h i s  t ransform and so obta in  the r e l a t i o n  
bu t  un for tunate ly  t o  evaluate t h i s  in tegra l  requi res a knowledge o f  P ( A ~ )  f o r  
h 2  < 9, and t h i s  i s  n o t  an observable quant i ty .  It i s  seen from equat ion (14)  
t h a t  P(- h2) i s  the  p o l a r i z a t i o n  t h a t  we would observe a t  wavelength A i f  a l l  o f  
the Faraday r o t a t  
were i n  the oppos 
on were i n  the opposite sense ( i .e .  i f  a l l  the magnetic f i e l d s  
t e  sense). 
I 
0 
1 
To make use of  equat ion (15 )  we must assume some proper ty  o f  
the  source which w i l l  enable us t o  p r e d i c t  the  behavior o f  P( -A2) from 
t h a t  o f  P( A2).  The simplest  assumption t o  make i s  t h a t  4(@)  i s  the 
sarns f o r  a l l  Faraday depths, t h a t  is, 
a ( Q )  = const. 
T h i s  does no t  r e q u i r e  a l l  po in ts  o f  the source t o  have the same i n t r i n s i c  
angle of po la r iza t ion ,  bu t  o n l y  that the  superposi t ion o f  a l l  the r a d i a t i o n  
w i t h  the same Faraday depth has a p o l a r i z a t i o n  d i r e c t i o n  t h a t  i s  independent 
of  the Faraday depth. Examples of  s i t u a t i o n s  where t h i s  assumption i s  
v a l i d  are: 
( i )  The d i r e c t i o n  o f  the  magnetic f i e l d  i s  the same f o r  a l l  p a r t s  
o f  the source. 
( 1  i )  The f i e l d  o f  the source has random v a r i a t i o n s  about a mean 
d i r e c t  ion. 
( i i i )  The r o t a t i o n  i s  external, the Faraday depths o f  d i f f e r e n t  
l i n e s  of s i g h t  vary ing a t  random. 
Assuming the c o n d i t i o n  (16) and choosing coordinates such t h a t  
& ( a )  = 0 we see from equat ion (14) t h a t  P( - x2) i s  the complex conjugate 
o f  P( x2) and equat ion ( 15) becomes 
As has a1 ready been mentioned the observed plot o f  X( A?) against X2 
i s  normally a straight line and we can write 
2iA A2 
P( X2) = r( X 2 ) e  Y 
whzre r( A2) and A are real. Equation (15) then yields 
from which it is seen that F(@)  is symetrical about Q = A. 
There is another way of approaching the problem of deducing P( - h2) 
from the observations. We have already pointed out that it is the 
polarization we would observe at wavelength 
were in the opposite sense. The source would be dynamically similar i f  it 
contained such fields which are, in fact, those which would have been pro- 
duced if the primary field had been in the opposite sense. It does not 
seem 1 ikely that the sense of the primary field could be in any way related 
to the occurrence of the phenomena leading to the production of  the radio 
source. Assuming that there is no such relation we can deduce that,as 
= ( A ~ )  is proportional to x2 for X2 X1it is also proportional to 
x2 fork2 <O. 
if all the magnetic fields 
We can therefore extend assumption (16) to hold for both 
positive and negativeA2. 
We spl it F(@) into two parts as fol lows 
? 
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where 
* 
F s ( A - 9 )  = F ( @ - A )  , 
Fp(@) = 0 f o r  a l l  0 < A. 
Changing the v a r i a b l e  from (0 KG $, where Q = Ai-$, we get t h a t  f o r  a l l A 2  
( 2 2 )  
Thz p a r t  of tha second term of the r i g h t  hand s ide  i n  square brackets m u s t  
be rea l  f o r  both p o s i t i v e  and negat iveA2. I t follows t h a t  
a0 
,[ Real [ Fp(*)] s i n  241 X2 dw 
a0 
imply ing t h a t  F ( + I )  = 0. In other words 
P 
* 
F(G -A )  = F ( A - Q )  , 
The valuz o f  I F ( @ :  I d4 represents the f l u x  of 1 i n e a r l y  po la r i zdd  
r a d i a t i o n  w i t h  Farzifay d2::th between 0 and 9+d@ expressed as a fract.cn c f  
the t u t a l  f l u x .  
ar;gles of p o l a r i z a t i o n  of th=sz f rac t ions  are  to  be skew-symmztrical about 
t h t  Sam2 Faraday depth A. This  l a t t e r  p roper ty  wculd imply ra the r  s p c i a l  
r e l a t i o n s h i p s  ba?twein the transverse and p a r a l l e l  components o f  the sourcc’s 
rnacjndtic f i e l d s  and a l s o  a ra ther  special o r i e n t a t i o n  o f  the source 
r e l a t i v e  t o  the d i r z c t i o n  o f  the sun. It i s  there fore  probable t h a t  thd 
s t r u c t u r e  i s  such that<(@) = const, as i s  the  case f o r  random f l u c t u s t i c n ;  
about a mean d i r e c t i o n .  
This  func t ion  i s  t o  be symetr ica l  about Q = F,whila thd 
I t  seems thzn that, s l though equat ion (15) cannot be used d i r e c t l y  
from the observat ions, the common feature o f  the dependence o f  X o n A 2  
imp l ies  t h a t  wz are  ab le  t o  use the  assumption (16) which leads t o  the 
equat ion (17).  Unfor tunate ly  t h i s  procedure cannot y e t  be used on the 
present  data f o r  most sources because o f  the  l a rge  e r r o r s  and the small 
number o f  wavelengths covered. The one except ion i s  Taurus A which w i l l  
be discussed i n  g rea ter  d e t a i l  i n  sect ion ’1. 
I -  
5 .  INTERNAL FARADAY DISPERSION 
It i s  now gznera l l y  bel  ieved t h a t  the r a d i a t i o n  from a rad io  source 
i s  due t o  synchrotron emission. This occurs only i n  the presence o f  a 
s t rong magnetic f i a l d  w i t h i n  the source so we might expect Faraday r o t a t i o n  
e f f e c t s  associatad w i t h  t h i s  in ternal  f i e l d .  The q u a l i t a t i v e  features 
of the p o l a r i z a t i o n  changes w i l l  depend on the s t ruc tu re  of th-. source. The 
wavzlangth a t  which depo lar iza t ion  occurs w i l l  depend on the s t rength o f  thz 
magnetic f i e l d ,  the dimensions of the source and the densi ty  o f  the thzrmal 
z ldc t ron  gas. For many sources i t  i s  poss ib le  t o  sst imate the f i r s t  two o f  
thesz paramztzrs. Deta i led po la r i za t i on  measurements may enable us t o  i d e n t i f y  
the s t ruc tu res  o f  sources and the densi t ies o f  the thermal plasmas associated 
w i t h  them. I t  i s  poss ib le  t o  impose theo re t i ca l  l i m i t s  on many o f  the paramet2rs 
r e l a t e d  t o  the source s t ruc tu re  from arguments concern 
containment o f  the r e l a t i v i s t i c  gas, the permanence o f  
naturc  o f  the rad io  spectrum, etc., which are  outs ide 
I n  t h i s  sact ion we s h a l l  assumz that  the  external  depo 
and the on ly  change i n  po 
source i s  r o t a t i o n  of thz 
h2. 
a r i z a t i o n  poss 
angle of po lar  
ng such th ings as tte 
the magnetic f i z l d ,  t h j  
hz scope of t h i s  pa7;r. 
a r i z a t i o n  i s  nzgl i g i b l e  
rad ia t i on  leavds thd b l e  a f t e r  the 
za t i on  by an amount propor t ional  to  
We assume t h a t  the magnetic f i e l d  o f  a source i s  o f  t h z  type discuss-d 
i n  sect ion 3 and t h a t  thz scale of  the f l u c t u a t i o n s  i s  d .  
f r a c t i o n  o f  thz source's r a d i a t i o n  which t raverses a path length betwezn x ;nC 
x+dx w i t h i n  the source. The d i s t r i b u t i o n  o f  Faraday depths o f  t h i s  f r a c t i . m  
may bz represznted by a Gaussian with mean KnH? 
L z t  f ( x ) d x  be the 
and variance (KnHrd)2x/2d. 
2 
W r i t i n g  in = knH: and $ = (KnH ) d/2, thz obsirved p o l a r i z a t i o n  a t  
wavLlGngth h i s :  
r 
'p -2sx 
= p(h2) J f (x ) i :  dx 
0 
(25 )  
where s = $A4 - id2 and we havz chosen the coord inate system such 
t h a t  the  i n t r i n s i c  anglz  o f  p o l a r i z a t i o n  i s  zero. 
Th: func t ion  f ( x )  depends on the  geometry o f  the source. Th- 
sirnpldst f unc t i on  we can takd i s  f ( x )  = L'l i n  0 < x < L 
othzrw is r .  This rzpr*sznts  a s lab  such t h a t  the  l i n e a r  depth o f  zach 
l i n e  o f  s i g h t  through the  source i s  L . Equation (25) thzn y ie lds :  
, and 0 
- S  
P(A2) = p( h2) - 
o s  
where 
2 4  2 
S = (KnHr) dLh - 2iKnHiLA . 
It i s  perhaps more r e a l i s t i c  to  assume t h a t  the source i s  a un i form 
sphere of  diameter L, when f ( x )  = 2 i n  0 < x < L, and 0 
2L 
othe  r w  i se . 
Equation ( 2 5 )  then y i e l  ds: 
( 28) 
Figura 2 p l o t s  the p o l a r i z a t i o n s  of these models against  a v a r i a b l -  
u which i s  chosm t o  !x propor t ional  t o  h and such t h a t  p/p(h2) = 0.; 
a t  u = 1. 
p a r t s  o f  S a t  u = 1. 
0 
Thz paramzter /u i s  the r a t i o  o f  the rea l  and imaginary 
The propar t ies  o f  these models depend on the r a t i o  o f  the 
rea l  and imaginary p a r t s  of S i n  the wavelength range whZrr= most o f  
the de,>olar izat ion occurs. ( i . 2 .  It i s  r 2 a d i l y  s-en 
t h a t  t h i s  i s  detarmintd by the r e l a t i v e  magnitudes o f  the r a t i o s  
(H /2ii0) and L/d ( t h d  number o f  ce l l s ,  N say, c u t  by the longest 
1 i na  of  s i g h t  through t h e  sourcs) . 
IS\ - 1). 
2 
I 2  
2 
N >> ( H  /2H0) . The imaginary p a r t  dominates; r z  ( 1) 
the sprzad i n  Faraday depths a t  the appropr ia te wavelengths i s  due 
t o  the z component o f  the uni form magnetic f i e l d .  This corresponds 
t o  ,u 
the. fami l  i a r  p( h ‘ )-sin a 
= 0 i n  F igure 2. Hence fo r  the s lab  the depo lar iza t ion  fol lclws 
law ( 6  = KnH%A2) with the constant f a c t o r  0 6  Z 
p(h2) due t o  the i n t r i n s i c  depolar izat ion produced by the random 
component o f  the magnztic f i e l d .  
a h2 law of r o t a t i o n  except for  d i s c o n t i n u i t i e s  o f  p a t  6 = nrr, where 
the p o l a r i z a t i o n  f a l l s  t o  zero. A t  much longer wavelengths the rea l  
p a r t  w i l l  becomz more important and f i n a l l y  dominate. However, a t  
thzse wavelzngths, thz sourcz i s  e s s e n t i a l l y  completely dzpolar izsd. 
0 
The anglc: o f  p o l a r i z a t i o n  fo l lows 
Tr 
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For a spher ica l  source the Faraday d ispers ion  func t i on  i s  asymmztric 
and, as a rzsu l t ,  there  a re  departures from a A2 law o f  r o t a t i o n .  
Such a law i s  fo l lowed very c lose ly  f o r  u < 1. As the  wavelength 
increases beyond t h i s  range the angle o f  r o t a t i o n  steadies down w i t h  
damped o s c i l l a t i o n s  aboutX= t a 
2 
N << (Hr/2H0) . The rea l  p a r t  dominates a t  the 
Z 
(2) 
appropr ia te  wavelengths, corresponding to the  c a s e 1  = i n  F igure 2. 
The Faraday d ispers ion  func t ion  i s  e s s e n t i a l l y  symmetric so therz ar.: 
no dev ia t ions  from a A" law of r o t a t i o n .  For u < 1 th-. p o l a r i z a t i o n  
f a l l s  i n  the  same manner as the  previous case. A t  l a r g e r  wavL!engtl-,s 
the p o l a r i z a t i o n  f a l l s  more qu ick ly  ( d. A-* ra the r  than A-') and 
wi thou t  the  f l u c t u a t i o n s  p t a s m t  i n  ths  prev ious casc. 
Assuming t h a t  t hz  10 cm degree o f ' p o l a r i z a t i o n  i s  c losb t o  
thz  zdro wawlength  valuz wd s t i d  t h a t  i n  most sourczs t h i  randor.i r i G l d  
has rzducdd the  i n t r i n s i c  p o l a r i z a t i o n  t o  about a p ( y ) .  Assumiricj t h a t  
H2r*H2*iH2 i t  fo l lQws  t h a t  (Hr/2H;) - 1 and hence thz formzr c c n d i t i - r l  
i s  normally sat is f i .2d .  
1 
2 
X Y Z  
Faraday d ispers ion  due t o  thz  random coli1pOZ-Q-it 
of th2  magnetic f i e l d  can only  be important i f  thz  steady magnetic f i - l i !  
i s  n e a r l y  j x rpd i i d i cu la r  t o  thz l i n e  o f  s igh t .  
As we know the p o l a r i z a t i o n  o f  18 sources a t  three o r  more 
wavelengths, i t  i s  poss ib le  t o  t e s t  i f  any o f  the  above models a re  
cons is ten t  w i t h  the  observations. 
the  p o l a r i z a t i o n  a t  t w o  wavelengths, p r e d i c t  the p o l a r i z a t i o n  a t  ancjthzr 
Assuming a model, we take as given 
20. 
wavelength, and t e s t  fo r  agreement w i t h  the  observed valuz. The 
th ree  Wavelengths chosen f o r  each source a r e  those which appear 
t o  g ive  thd  l e a s t  e r r o r s  coupled w i t h  maximum spread i n  wavzlmgth.  
The p o l a r i z a t i o n  a t  the two shortest  wavelengths were used t o  p r e d i c t  
t h a t  a t  the longest.  
a r e  taken a t  cach waveldngth; thz observed value and the ext remi t iGs 
o f  t h e  d r r o r  range. 
To a l l o w  f o r  the l a r g e  errors,  thrdd values 
Table (1) gives the number o f  pzrmutations ou t  
of the 27 poss ib le  f o r  which the pred ic ted  p o l a r i z a t i o n  i s  greatdr  than 
the assumzd obsc-rvzd value. I f  the data a re  consis tent  w i t h  the mod-1 
thc number of h igh  p r e d i c t i o n s  may be expected t o  be i n  the rang2 9 - le, 
l z s s  than 9 i n d i c a t i n g  t h a t  the p o l a r i z a t i o n  f a l l s  a t  a slower r a t z  t h a n  
the model, and more t h a t  18, that  i t  f a l l s  f a s t e r .  The observat ions us-3 
are those o f  Gardnzr and Whi teoak (7) and Cooper and Pr ice  (6). 
Thz f i r s t  th rez  models a re  those of a spher ica l  source. We 
sde t h a t  9 of the 14 sources showing depo lar iza t ion  are more p o l a r i z z d  
a t  l a r g e  wavelengths than t h i s  model p red ic ts .  Ond not iceab le  except ion 
i s  21-64 which i s  a t  the other extreme. The remaining sources can bd 
f i t t e d  t o  a l l  three caszs. The source 3C-370 has a very l a r g e  e r r o r  i n  
the 10 cm measurement and so the f i t  i s  n o t  convincing. Es6 A i s  s:s: 
n o t  s i g n i f i c a n t  as we used measurements a t  19 and 21 cm and t h i s  spacing 
i s  n o t  r a a l l y  l a r g e  enough t o  d i f f e r e n t i a t e  between models. 
A (a )  the s r r o r s  a re  small but we must bear i n  mind t h a t  t h i s  i s  a doubl,: 
source w i t h  o n l y  one component p o l a r i z e d  (18). 
opera t ing  as the spacing o f  the components i s  o f  the samz order  as thz 
beamwidth. 
For Centaurus 
The beamwidth e f fec t  i s  
This w i l l  tznd t o  depolar ize the 30 cm measurement and so g i w  
21. 
a f a l s e  f i t  w i t h  thcsz models. The o n l y  source t h a t  does g ive  a r e l i a b l e  
agreement i s  3C-353 which i s  s a t i s f i e d  by a l l  three models. I t  should be 
noted t h a t  th2 v a r i a t i o n s  of the angle o f  p o l a r i z a t i o n  show deviat ions 
from h2 law t h a t  a re  consis tent  w i t h  the c a s e N  << 1. 
In a l l  of the abovz models most o f  the r a d i a t i o n  comes from regions 
w i t h  Faraday depths of t h z  same order o f  magnitude. 
there i s  s i g n i f i c a n t  depo lar iza t ion  between 10 cm and 20 cm, then the 
p o l a r i z a t i o n  a t  30 cm should be w r y  much lower. 
observat ions of  Gardner and Whitdoak showed t h a t  there i s  s t i l l  q u i t e  
a p p r i c i a b l z  p o l a r i z a t i o n  a t  t h i s  wavelength. This would imply t h a t  a con- 
s i d d r a b l -  f r a c t i o n  of  th,: r a d i a t i o n  comes from a rang\: o f  Faraday d;pths 
much srnal ldr than the r z s t .  To obta in  such a Faraday d ispers ion f u n c t i r n  
th -  author  has ca lcu la t2d  sdv3ral  models i n  which there wzre systzmat ic 
v a r i a t i o n s  o f  thz m i s s i v i t y ,  the magnztic f i e l d  strength, or  the Glzct ron 
ddnsi ty .  I t  was found t h a t  vdry large dev ia t ions  were requ i rLd  and t h a t  
thesz ?roduc\:d a s t rong asymmdtry in the Faraday d ispers ion func t ion .  Hmc, 
t h z r d  should b? vzry s i g n i f i c a n t  dapartures from a A s  
such dzparturzs have not  bden found WJ must look  f o r  o ther  mzchanisrns which 
can produce the requi red Faraday dispersion func t ions  w i thout  such asymmdtry. 
In such models, i f  
However, thz  30 cm 
h2 law o f  r o t a t i o n .  
6. EXTERNAL FARADAY D I SPERS I ON 
Although there is ,  as yet, no evidence f o r  a dependence o f  the 
r a t z  of d e p o l a r i z a t i o n  on g a l a c t i c  coordinates we shou ld  n o t  over look the 
p o s s i b i l i t y  t h a t  the depolar izat ion i s  produced i n  e i t h e r  the d i s k  o r  thc: 
h a l o  o f  our galaxy. 
depolar izat ion,  showing t h a t  i t  i s  u n l i k e l y  t o  be s i g n i f i c a n t .  
I n  t h i s  s t c t i o n  we consider a few models o f  such 
1 .  
I- 
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22. 
We f i r s t  i nvzs t i ga tz  the e f fec ts  of  random f l u c t u a t i o n s  i n  the 
magnet c f e l d  and/or e lec t ron  densi ty i n  a reg ion extending f o r  a d is tancz 
R f rom the  observer. If the scale o f  the f l u c t u a t i o n s  d << 4 R ,  where d 
i s  the  angular dimznsion of  a rad io source, the  Faraday d ispers ion func t i on  
of  the  source i s  we l l  represented by a Gaussion w i t h  var iance KTnH,,)fdR, 
where (nH,,)f i s  the variance o f  the product o f  the  e lec t ron  dens i ty  and the 
l i n e  o f  s i g h t  magnetic f i e l d  o f  a c z l l .  
wavelength A i s  there fore  
2 
' 2  
The degree o f  p o l a r i z a t i o n  a t  
p(A2> = pi exp 
There are  three ob jzc t i ons  t o  such a model. 
( i)  The dependence of t h z  depo lar iza t ion  on R should produce a 
c o r r e l a t i o n  w i t h  g a l a c t i c  coordinatzs. This ob jec t i on  i s  perhaps no t  q u i t e  
so ser ious f o r  f l uc tua t i ons  i n  the ha lo  as f o r  f l u c t u a t i o n s  i n  thz d isk.  
( i i )  Qual i t a t i v c l y ,  thc p o l a r i z a t i o n  f a l l s  o f f  much f a s t e r  a t  larqe 
u than do the models o f  the previous sect ion.  The r e s u l t s  o f  an attempt 
t o  f i t  the Gardnzr and Whitzoak resu l t s  t o  t h i s  model are shown i n  the l a s t  
column o f  Table 1. The on ly  source t o  g i ve  s a t i s f a c t o r y  agreement i s  21-64. 
( i i i )  For there t o  be s i g n i f i c a n t  depo lar iza t ion  a t  A = 20 cm we 
requ i re 
2 -4 
2K2( nH,,) fdR 20 . 
Apply ing the cond i t i on  d << o t R  and tak ing  o( = 1' we ob ta in  (nH,, b >  4 x 
i n  the d i$k  ( R  = lWlcm),  and (nH,,\ > x i n  &e ha lo  ( R  1 l P 3 c m ) .  If 
23 
-5 n = 0.1 f o r  thd d i sk  the magnetic f i z l d  requ i red  i s  Hf > 4 x 10 
much too l a r g d .  This ob jdc t i on  i s  Gven mor< ser ious f o r  the halo.  
which i s  
Objdct ion ( i  ii) abov2 i s  weaker f o r  l a rge  d so we consider the 
o t h z r  2xtreme d >> d H .  
source pass through the Sam- c e l l s .  The spread o f  Faraday depth across the 
source producdd by one c e l l  w i l l  b\: of the order  
a t  wavzlength A i s  there fore  w z l  1 represented by 
In  t h i s  case near l y  a l l  the 1 ines o f  s i g h t  t o  t h -  
Nl\K(nH,l)f. The p o l a r i z a t i o n  
'. 2 3  7 
The o b j e c t i o n  ( i )  
variance. 
d e p o l a r i z a t i o n  are i d e n t i c a l .  
t r u e  and now become more marked for  l a r g e r  d. 
above i s  n o w  even s t ronger  due to the  R3 dependence o f  the  
Ob jec t ion  ( i i )  i s  s t i l l  v a l i d  as the q u a l i t a t i v e  features of the  
The i n e q u a l i t i e s  for (nH,, If i n  (iii) are s t i l l  
The above models assume that the d i spe rs ing  c e l l s  f i l l  t he  e n t i r e  region. 
We now suppose t h a t  they are  d isc re te  clouds o f  dimension d w i t h  average spacing 
nH, for the  clouds. The probabi 1 i t y  of there 
i s  
3 (32  1 
2 
0, (nH,, C being the variance of 
being m clouds on a l i n e  of s i g h t  
-rl Prob(m) = Jl e 
m!  
where q = d2R i s  the  
D3 the  d e p o l a r i z a t i o n  i s  qua 
( i )  and ( i i )  hold. When 
average 
i t a t i v e  
q << 1 
number o f  c e l l s  on a l i n e  o f  s i g h t .  If 'T >> 1 
y i d e n t i c a l  to the  above models and ob jec t ions  
most l i n e s  o f  s i g h t  w i l l  not pass through any 
on. clouds and there  w i l l  be almost no depo a r  i z a t  
24 
When 7 -1 we consider the two extremes f o r  d. I f  d >> aR 
a l l  the  l i n e s  o f  s i g h t  from a source pass through the  same cloud which w i l l  pro- 
duce a gradient  i n  Faraday depth across the  source. 
s i t u a t i o n ,  e.g. a wedge-shaped cloud i n  f r o n t  of  a spher ica l  source, e x h i b i t  
rap id  depo la r i za t i on  very s i m i l a r  t o  the Gaussian for random f l uc tua t i ons .  
Therefore o b j e c t i o n  ( i  i) s t i  1 1  holds. I f  d aR the  degree of p o l a r i z a t i o n  
a t  wavelength 1 i s  
Simple models o f  t h i s  
33 -2K2(nH,, )2 d2 1' p h * >  = p i  exp C ( 3 3 )  
The f r a c t i o n  eq o f  the  source which i s  not  covered by clouds i s  not a f fec ted  
wh i l e  the r e s t  i s  depolar ized rather qu i ck l y .  Th is  could get around ob jec t i on  
( i i )  and e x p l a i n  the h igh  p o l a r i z a t i o n  observed a t  
po in ted  ou t  t h a t  o b j e c t i o n  ( i )  w i l l  s t i l l  ho ld  as q depends on R. 
the  observat ions the  parameters must be such t h a t  q -1 and K(nH,,) d 
Suppose t h a t  t he  c louds are  w i t h i n  the d isk.  
hold. 
30 cm. It should be 
To s a t i s f y  
-3 5 x 10 
C 
The f o l l o w i n g  i n e q u a l i t i e s  must 
< 
d 10 la cm (34) 
d/D - 3 x ( 3 5 )  
( 3 6 )  
< 
> -3 (nH)c - 2 x l G - 4  gauss cm 
I n  the absence o f  containing forces such clouds would soon d i s r u p t  under 
t h e i r  own thermal and magnetic pressures which would be a t  l e a s t  2 orders o f  
magnitude greater  than i n  the surrounding i n t e r s t e l l a r  gas. We might wonder 
i f  the  containment could be due t o  the g r a v i t a t i o n a l  a t t r a c t i o n  o f  s ta rs .  
d is tance t o  which a s t a r  o f  one solar mass can conta in  an ion ised gas o f  
temperature lo4 OK 
which would have the i n t e r s t e l l a r  spacing o f  about lo1' cm. 
u n l i k e l y  t h a t  there  can e x i s t  in  the i n t e r s t e l l a r  reg ion  clouds having 
p roper t i es  t h a t  could produce the  observed depo lar iza t ion .  It i s  even more 
The 
i s  about 2 x loL4 cm. This i s  much too  small f o r  clouds 
It i s  extremely 
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u n l i k e l y  t h a t  the  clouds can e x i s t  i n  the halo. However i f  f u t u r e  observations 
show t h a t  there i s  a c o r r e l a t i o n  between depo la r i za t i on  and g a l a c t i c  l a t i t u d e  
w e  may have t o  take the ex is tence of such clouds ser ious ly .  
7. THE CRAB NEBULA 
Ev iden t l y  the Faraday d ispers ion func t ions  o f  most sources must have 
two p roper t i es  i n  c o m n .  For each source i t  must be symmetric about a mean 
Faraday depth, which i s  t he  r o t a t i o n  measure of  the  source, otherwise there 
w i l l  be departuresfrom a h * r o t a t i o n  law. A lso comparable f r a c t i o n s  o f  the 
r a d i a t i o n  must be spread over ranges o f  Faraday depths o f  d i f f e r e n t  orders o f  
magnitude. 
provided we have a la rge  number o f  p o l a r i z a t i o n  measurements over a la rge  range 
of wavelengths. Such in format ion i s  a v a i l a b l e  on the  Crab nebula and i s  
summarized i n  F igure  3. 
The Faraday d ispers ion  func t i on  may be ca lcu la ted  from equat ion 17 
It i s  obvious t h a t  there are departures from a h law o f  r o t a t i o n  a t  
shor t  wavelengths. The best f i t  using a l l  t he  rad io  data i s  a = (150.5-0.147h.2)o, 
g i v i n g  a dev ia t i on  a t  3 crn o f  -6O, and a t  o p t i c a l  wavelengths o f  9'. 
the observat ions a t  wavelengths less than 9 cm the best f i t  i s  
ignor ing 
a = (154 - 0.135 X 2 ) 0  , g i v i n g  a 3 cm d e v i a t i o n  o f  -9.5', and an o p t i c a l  
i t  has been noted t h a t  t he  d i s t r i b u t i o n s  of o p t i c a l  and d e v i a t i o n  o f  5.5'. 
rad io  emission d f f e r g i n d i c a t i n g  tha t  the spec t ra l  index i s  less i n  the outer  
regions by about 0.07. 
and r a d i o  frequencies which could poss ib ly  exp la in  the  discrepancy between the 
ex t rapo la ted  and observed angle o f  p o l a r i z a t i o n  o f  the o p t i c a l  continuum. 
est imate the magnitude of  poss ib le  discrepancies we use the surveys o f  
Walraven (13) and W o l t j e r  (14) t o  estimate the s ta tes  o f  p o l a r i z a t i o n  of the 
c e n t r a l  and ou ter  regions. The nebula was d i v ided  i n t o  a ser ies  of concentr ic  
e l l i p t i c  s h e l l s  w i t h  major axes a t  angle 135' and w i t h  a x i a l  r a t i o s  8 : 5 
This would a l l ow  a spec t ra l  e f f e c t  between o p t i c a l  
To 
26 
I .  
I' 
The degree o f  p o l a r i z a t i o n  i s  less  in  t 
p o l a r i z a t i o n  does not  change s i g n i f i c a n t l y .  Th 
e f f e c t  probably  reduces the  degree o f  p o l a r i z a t  
not produce any no t iceab le  change i n  t h e  angle, 
( t h e  approximate shape of the nebula). 
r a d i a t i o n  from each s h e l l  were ca lcu la ted  and the r e s u l t s  a re  g iven i n  Table 2. 
The i n t e n s i t i e s  and p o l a r i z a t i o n s  o f  the 
e ou ter  regions, bu t  the angle o f  
S means t h a t  a l though the spec t ra l  
on by about 2 per  cent i t  w i l l  
2' - 3' a t  most. I t i s  
s i g n i f i c a n t  t h a t  the  r e s u l t s  o f  Walraven g i ve  lower degrees of p o l a r i z a t i o n  i n  
the  ou te r  regions. Th is  i s  perhaps because W o l t j e r  subt racted the r a d i a t i o n  
due t o  the  fi laments, wh i le  Walraven d i d  not make t h i s  cor rec t ion .  The 
p o l a r i z a t i o n  measurement o f  Oort and Walraven a l s o  d i d  no t  a l l o w  for 
f i l amen ta ry  emission, and so i t  seems t h a t  the  best  value t o  take f o r  the degree 
o f  p o l a r i z a t i o n  o f  t h e  o p t i c a l  continuum i s  14 per  cent, and for  the i n t r i n s i c  
p o l a r i z a t i o n  a t  r a d i o  frequencies 12 per  cent. There a l s o  appears to  be a 
discrepancy between the  r e s u l t s  o f  Oort and Walraven and the  l a t e r  surveys i n  
measurements o f  the angle of po la r i za t i on ,  which according t o  
data i s  about 155O, i n  good agreement w i t h  the  s t r a i g h t  1 ine f i t t e d  ignor ing  
the  sho r t  wavelength resu l t s .  
the  l a t e r  
It i s  q u i t e  easy t o  a t t r i b u t e  the  sho r t  wavelength dev ia t ions  t o  
Faraday r o t a t i o n  e f f e c t s .  The r o t a t i o n  measure a t  long wavelengths i s  the 
mean Faraday depth o f  t he  f r a c t i o n  o f  t he  source w i t h  a small spread of 
Faraday depths, as the  r a d i a t i o n  f r o m  regions w i t h  a l a rge  spread o f  
Faraday depth i s  e s s e n t i a l l y  unpolarized. If the  average Faraday depth 
a t  ions 
We 
ion 
func t ion .  For P ( X 2 )  we assume the values shown i n  Table 3. The r e s u l t s  a re  
shown i n  F igure  4where  the  f r a c t i o n  of  the r a d i a t i o n  i n  ranges o f  h a l f  an order  
of magnitude are shown. The r o t a t i o n  measure a t  long wavelengths i s  probably 
o f  t h e  f r a c t i o n  w i t h  a l a rge  spread i s  no t  the  same there  w i l l  
f rom X2 dependence o f  the  angle of p o l a r i z a t i o n  a t  sho r t  wave 
a re  ab le  t o  use equat ion (17) to estimate the  requ i red  Faraday 
be dev 
eng ths 
d isper  
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due to regions between the  source and the  observer. 
A c lose r  look a t  the s t ruc tu re  o f  the  nebula reveals the l i k e l y  
reason f o r  t h i s  l a rge  range o f  Faraday depths. 
o f  t he  nebula i s  the  f i lamentary  she l l  which surrounds the cen t ra l  continuum. 
The f i laments  a re  thread1 i k e  dense ion ised regions which, as Wo l t j e r  (17) 
po in ted  out, a r e  probably due to the passage of  e l e c t r i c  cur ren ts  on the s u r f a c e  
o f  the  nebula. These cur ren ts  a re  necessary t o  match the f o r c e  f r e e  f i e l d  
o f  t he  nebula t o  the  i n t e r s t e l l a r  f i e l d  and are  d i r e c t e d  along the axes o f  the 
f i laments .  The magnetic f i e l d s  due to  these cur ren ts  are c i r c u l a r  about the 
f i laments  and so l a rge  f l u c t u a t i o n s  a r e  t o  be expected i n  the  Faraday depths 
o f  d i f f e r e n t  l i n e s  o f  s i g h t  through the  f i laments.  Assuming t h a t  the 
f i l amen ts  a re  he ld  together  by a pinch e f f e c t  we can est imate the  magnetic 
f i e l d  due to  the  cur ren ts .  For a b r i g h t  f i l ament  they are  o f  the order  3 . 1 G - l  
Gauss and so the maximum Faraday depth i s  t h e  order  2.10-1 cm'l which i s  t o  be 
o f  the  requ i red  magnitude. The extent  o f  the  f i laments  i s  d i f f  c u l t  t o  
est imate bu t  they are  c e r t a i n l y  more extens ive than those v i s i b  e i n  photo- 
graphs taken i n  the  l i g h t  of emission l i n e s  (18). Between the  nd iv idua l  
f i l amen ts  there  a re  gaps, and the  r a d i a t i o n  from behind these w i l l  have a 
small  spread i n  Faraday depth, as both the  dens i t y  and the  magnetic f i e l d  due t o  
the  f i l a m e n t  cur ren ts  w i l l  be very s m a l l .  
d e p t h o f  t he  f rac t i ons  w i t h  d i f f e ren t  spreads i s  a l s o  t o  be expected i f  there  i s  
a ne t  f l o w  o f  l i n e s  of fo rce  across the  surface; t h a t  is  i f  t h e  ex terna l  f i e l d  
i s  p a r t i a l l y  l i nked  t o  source's f i e l d .  If the  l inkage was present before the 
fo rmat ion  of the  f i laments  i t  would be expected t h a t  the normal f i e l d  i s  a l so  
grea ter  i n  the  fi laments, as the  l i n e s  of force w i l l  have been crowded 
together  when they condensed. 
f o r e  a l s o  be expla ined by the  f i lamentary  s t ruc tu re .  
The most s t r i k i n g  fea ture  
The v a r i a t i o n s  o f  t h e  mean Faraday 
The v a r i a t i o n s  o f  the mean Faraday depth can t h e r e  
0 
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We can c a l c u l a t e  the  mass of t he  f i l amen ta ry  s h e l l  from E(@). The 
densi ty ,  the magnetic f i e l d  and the thickness o f  the f i laments  ( d )  i n  f r o n t  
o f  reg ions w i t h  Faraday depth i n  p, to  @ + d@ s a t i s f y  the  r e l a t i o n  
@ = KnH,, d . Assuming t h a t  H, i s  constant and A i s  the apparent 
area of  t h e  source then t h e  mass dm i n  these f i laments  is 
drn = nAm,,d$ 
Am,@ E 
= -@ 
Wl, 
? 
where m i s  the  mass of a hydrogen atom. Hence H 
( 3 7 )  
The r e s u l t s  o f  t h i s  c a l c u l a t i o n  are shown i n  Table 4. The f i r s t  three columns 
g i ve  t h e  ranges o f  Faraday depth, the average Faraday depth and the f r a c t i o n  
o f  the  r a d i a t i o n  i n  these ranges. 
producing these Faraday depths assuming t h a t  H,, i s  10- gauss and 
A i s  1.83 x cm2. The t o t a l  mass o f  t he  s h e l l  i s  tw ice  the  sum o f  
t he  masses i n  column 4 as t h e  f i laments a t  t h e  back have very l i t t l e  e f f e c t  
on  E(@) .  It i s  seen t o  be 1.M which i s  i n  q u i t e  reasonable agreement w i t h  
the  va lue of  0.64Me 
observat ions of the f l u x  i n  H(P) emission. 
Column 4 gives the  masses o f  the f i laments  
4 
0 
t h a t  was obtained by O'Dell  (18) from p h o t o e l e c t r i c  
8. OTHER SOURCES 
The absence of i n t e r n a l  Faraday d i spe rs ion  o f  the  type o f  sec t i on  4 
enables us t o  pu t  an upper l i m i t  to  the  dens i t y  o f  the  thermal gas w i t h i n  a 
source once the  magnetic f i e l d  s t rength and the dimensions o f  the  source 
a re  known. Both of these parameters mybeestimated i f  an o p t i c a l  i d e n t i f i c a t i o n  
8 .  
1’ 
1 
1 
E 
1 
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enables us t o  determine the  distance o f  the source (19). 
i s  t he  t o t a l  magnetic f i e l d  and that H 
component o f  it. Then 
Suppose t h a t  H 
t 
i s  the  s t rength  o f  the uni form 
0 
us ing  equat ion (3-10). The value of  H, t o  be used 
k 
Ht 
7 
y ing  model D 
( 3 9 )  
i s  t he re fo re  
Assuming t h a t  the depo la r i za t i on  between the  two longest wavelengths i s  due 
t o  i n t e r n a l  d i spe rs ion  we can est imate upper l i m i t s  f o r  the  dens i t y  and 
t o t a l  mass o f  the ion ised gas in  the body o f  the  source. Columns 4 and 5 
of Table 5 g ive  these l i m i t s  f o r  a l l  of the  sources i n  the  p o l a r i z a t i o n  surveys 
which have been o p t i c a l l y  i den t i f i ed .  The volumes and diameters i n  
columns 2 and 3 a re  taken from reference 8. 
we g ive  the  diameters o f  each component and the t o t a l  volume. 
In  the  case of a double source 
The depo la r i za t i on  features o f  o the r  sources are  s i m i l a r  t o  those of 
the  Crab, g i v i n g  the same d i f f i c u l t y  i n  i n t e r p r e t i n g  the  la rge  p o l a r i z a t i o n  
a t  long wavelengths. It i s  there fore  na tu ra l  to  wonder whether these features 
are  a l s o  produced by f i lamentary  s t ruc tu res  i n  the  o u t s k i r t s  o f  these 
e x t r a g a l a c t i c  sources. The above estimates of  upper l i m i t s  t o  the i n t e r n a l  
d e n s i t i e s  show t h a t  f o r  a l l  the sources i f  the temperature i s  less than 
lo8 % t h e  magnetic and cosmic ray  pressure are very much greater  than the 
thermal pressure. The i n t e r n a l  magnetic f i e l d  i s  t he re fo re  fo rce  f r e e  and we 
may expect f i l amentary  s t r u c t u r e  i n  the  o u t s k i r t s  associated w i t h  surface 
cu r ren t s  . 
To c a l c u l a t e  the amount of  rad ia t i on  emi t ted  by these f i laments  i n  
emission 1 ines we must know t h e i r  density, temperature, and dimensions. 
We t e n t a t i v e l y  assume tha t  w i t h i n  the f i laments the temperature T i s  
2 x lo4 OK as i n  the Crab and t h a t  the thermal and magnetic forces balance. 
Hence 
2knTx 8;; rt2 
A f r a c t i o n  E(@) d@ of the source i s  covered by f i laments  w i t h  Faraday depth @ 
and these f i laments we have thickness d where @ m knH,,d. 
i n  H i s  given by Burgess (20) as 
The e m i s s i v i t y  
B 
-25 * -3 -1 
j ( H &  = 1.2 x 10 n e rg  M sec 
It fo l lows tha t  the t o t a l  f l u x  i n  ti received from a source o f  angular B 
diameter A i s  
-2 
For the e x t r a g a l a c t i c  sources we  have no knowledge o f  E ( 4 )  f o r  l ~ l > l O  
and the br ightness could be down t o  10 o f  t h a t  o f  the Crab. However, i f  
the f i laments are dense enough t o  produce depo la r i za t i on  a t  
there  cou ld  be d e t e c t i b l e  l i n e  emission from the o u t s k i r t s  o f  these sources. 
It should be po in ted  out  t ha t  the f i laments are too small t o  be resolved. If 
the  scale o f  the f i laments  were la rger  the dens i ty  would need t o  be corres-  
-3 
an wavelengths I 
1 
pondingly less and the f l u x  reduced in the same r a t i o .  
CONCLUSIONS 
I n  t h i s  paper we have shown that i t  i s  possible t o  obtain in terest ing 
information concerning the internal  s t ruc tu re  o f  rad io sources from low 
reso lu t i on  po la r i za t i on  observations, provided a large range o f  wavelengths 
i s  covered. The l i n e a r i t y  o f  the p l o t  o f  the angle o f  po la r i za t i on  against 
wavelength squared implies that  we may deduce the Faraday dispersion funct ion 
of a source from the dependence o f  i t s  po la r i za t i on  on wavelength. 
ca l cu la t i on  requires the assumption that  the Faraday dispersion funct ion may 
be represented by a real func t ion  and that any departures from a A2 law o f  
r o t a t i o n  i s  due t o  i t s  asynmetry. As i n f i n i t e l y  many source structures can 
give r i s e  t o  the same Faraday dispersion func t ion  we must use other types of 
observation t o  determine the actual s t ruc tu re  o f  the source. 
This 
There are s u f f i c i e n t  data on the Crab nebula f o r  i t s  Faraday dispersion 
funct ion t o  be calculated. 
Faraday depths w i t h  comparable f ract ions o f  the rad iat ion being spread over 
ranges of d i f f e r e n t  orders o f  magnitude. This i s  probably produced by the 
f i lamentary shel l  which surrounds the nebula, the f r a c t i o n  of the rad iat ion 
from behind the f i laments being depolarized a t  short wavelengths, whi le the 
r a d i a t i o n  from behind the gaps remains po la r ized  a t  much longer wavelengths. 
The high po la r iza t ions  measured by Gardner and Whiteoak (7) and Cooper and 
Pr ice (6) a t  30 un indicate that  the Faraday dispersion functions o f  other 
sources are  s i m i l a r  t o  that  o f  the Crab. 
t h i s  po in t  t ha t  there i s  t en ta t i ve  evidence (29)  that  there i s  s t i l l  s i gn i f i can t  
p o l a r i z a t i o n  a t  much longer wavelengths. 
It i s  found t o  be spread over a large range o f  
It should perhaps be mentioned a t  
It i s  therefore suggested that  f i l a -  
32 8 .  
I' 
1 
mentary s t ruc tu res  may a l s o  ex 
It i s  i n t e r e s t i n g  t o  note t h a t  
i n  ex t raga lac t  such s t r u c t u r e s  
It i s  poss 
s t  in  the o u t s k i r t s  of e x t r a g a l a c t i c  sources. 
there have recen t l y  been o the r  i nd i ca t i ons  of  
c ob jects  (30, 31). 
b l e  t o  est imate an upper l i m i t  t o  the dens i t y  of the n te rna l  
i on i zed  gas of a source from i t s  ra te of  depo la r i za t i on  once we know i t s  
dimensions and magnetic f i e l d  strength. 
I n  the near f u t u r e  the r e s u l t s  o f  more complete surveys cover ing a 
l a r g e r  range o f  wavelengths w i l l  be ava i l ab le .  Such observat ion w i l l  be 
inva luable i n  determining the physical s t r u c t u r e  o f  the d i s c r e t e  rad io  sources 
and w i l l  perhaps a l s o  shed some 1 ight  on the source observer media. 
ACKNOWLEOCEMNTS 
I would 1 i ke  t o  thank Dr. D. W. Sciama f o r  suggesting the problem and 
for much valuable advice. Also, I am indebted t o  Dr.  C. H. Hayer f o r  
comnunicating the N.R.L. r e s u l t s  p r i o r  t o  pub l i ca t i on .  
This work was c a r r i e d  o u t  a t  Cambridge under the tenure of  a Camonwealth 
The paper was r e w r i t t e n  w h i l e  a t  the U n i v e r s i t y  o f  Maryland w i t h  Scholarship. 
a grant  from the National Aeronautics and Space Administrat ion.  
1. 
2. 
39 
4. 
5;. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15 
16. 
1-7 
18. 
19 
20. 
21. 
22. 
REFERENCES. 
Vashakidze, M. A., A s t r .  Tsirk., 11, 1954. 
Doinbrovsky, V. A., Dok. Akd. Nauk. S. S. S. R., 94, 1021, 1954. 
Westerhout, G., B. A. N., 12, 309, 1956. 
Hanbury Brown, R., Palmer, H. P. and Thompson, A. R., M. N., 115, 487, 1355. 
Alfvsn, H. and Herlofsen, N., Fhys. Rev., 616, 1950. 
Cooper, B. F. C. and Price, R. M., Nzture, 1084, 1962. 
Gardner, F. F. and Whiteoak, J. E., Nature, 142 1162, 1963. 
Seielstad, G. A., M o r r i s ,  0.  and Radhakrishnan, V., Obs. Owen's Valley RadiG 
Obs., & 1964. 
Hayer, C. H., McCullough, T. P. and Sloanaker, R. M., Ap. J., 248, l9f11. 
Chandrasekhar, S., Radiat ive Transfer, Oxford Press, 24-35. 
Le Roux, E., Ann. d'Ap., 24, 71, 1961. 
Oort, J. H. and Wal raven, Th., B. A. N., 12, 285, 1956. 
Wal ravzn, Th., B. A. N., 293, 1957. 
Woltjer, L., 6. A. N., a 301, 1957. 
Conway, R. G., Kellernan, K. 1 .  and Long, R. J., M, N., 125, 261, 1963. 
Bracewell, R. N., Cooper, 8. F. C. and Cousins, T. E., Nature, 1289, 1563. 
Woltjer, L. B. A. N., 39, 1958. 
O'Dell, C. R., Ap. J., 136, 809, 1962. 
Burbridge, G., Ap. J., 129, 849, 1959. 
Burgess, A., M. N., 118, 477, 1958. 
Boland, J. W., Ho l l  inger, J .  P., Mayer, C. H. and McCullou9h, P o ,  
Abstract preprint,  1964. 
Hol 1 inger, J. P., Mayer, C. H. @ Mennella, R e  A*, AP. J.9 Aug., 1964. 
23 
8 24. 
I 25 
26. 
1 27. 
28. 
1 25). 
Kuzmin, A. D. and Udal'tsov, V. A., Spviet Astronomy, 5 39, 1959. 
Altenhoff, W., Mezger, P. G., Wendker, H., and Westerhout, G., 
Veroffentl ichungen der Universitatssternwarte Bonn, 84, 1960. 
Scielstand, G. A., Mor r is ,  D., Radhakrishnan, V. and Wilson, R. W., 
Obs. o f  Owens Valley Radio Observatory, 
Davies, R. D. and Vetschuur, G. L., Nature, 32, 1963. 
Udal I tsov, V. A., Ast r. Zhur., 39, 849, 1962. 
Morris, D. and Radhakrishnan, V., Ap. J., 147, 1963. 
Bo1 ton, J. G., p r i v a t e  unanunication. 
Lynds, C. R., and Sandage, A. R., Ap. J., 137, 1005, 1963, 
1963. 
31. Schmidt, He, Wontreal Reeting, A.A.S., 1964. 
I 
TABLE 1 
Source Wave1 enqth (tm) A s 0  = Q J 6  y - 0 Gaussian 
Fornax A ( a )  
P i c t o r  A 
3 c-161 
3 C-270 
3 C-273 
Hercules A 
3c-327 (a )  
3 c-3 53 
21-64 
Taurus A 
Centaurus A ( a )  
Centaurus A ( b )  
Centaurus A ( c )  
13s6 A 
io, 21, 30 
io, 21, 30 
io, 21, 30 
io, 21, 30 
10, 15, 2 1  
io, 21, 30 
io, 21, 30 
io, 21, 30 
10, 21, 30 
io, 21, 30 
10, 21, 30 
15, 19, 30 
1 5  , 21, 30 
10, 19, 21 
0 
6 
0 
10 
2 
0 
6 
9 
25 
2 
17 
0 
2 
14 
0 
6 
0 
9 
2 
0 
6 
18 
27 
0 
17 
0 
2 
15 
1 
6 
0 
9 
0 
0 
6 
15 
27 
0 
17 
0 
1 
13 
1 
6 
0 
10 
0 
0 
6 
1 
18 
0 
3 
0 
1 
I 2  
Wal raven 
Wol t j e r  
I 
TABLE 2 -
Major axes of Relat ive begree of Angle o f  
boundinq e l l i p s e s  i n t e n s i t y  pol a r  i za t ion pol a r i zat  ion 
'0 - 2 12 19.5 154.5O 
16.0 155.5O 29 2 - 4  
4 - 6  
6 -  
9.0 
7.5 
158.5O 
144.00 
_- 
11.8 154. lo Total 100 
0 - 1  
'1 - 2 
2 - 3  
3 - 4  
4 - 5  
5 - 6  
6 - 7  
7 - 8  
4 
9 
15 
16 
19 
15 
I2 
10 
21.9 
17.8 
18.8 
16.8 
12.5 
7.0 
8.8 
18.0 
148. oo 
159.5O 
157 5O 
153. Oo 
155 5O 
171.5O 
158.8O 
148. oo 
14.0 156. Oo 'Total  100 
Major axes in  un i ts  of 0.835'. 
TABLE 3 
Wave1 ength Degree of Relat ive  Degree Angle o f  
squa red ( cm2) Pol a r i za t ion of  Pol a r  i za t ion Pol a r i za t ion 
0 
4 
10 
12 
30 
100 
130 
225 
324 
444 
900 
12.0 
8.6 
6.5 
5.2 
3-5 
2.6 
2.2 
1.8 
1.6 
0.9 
7.0 
1.00 
0.72 
0.58 
0.43 
0.29 
0.22 
0.18 
0.13 
0.075 
0.54 
0.15 
00 
-8' 
-loo 
-120 
-8' 
-40 
-40 
lo 
-8' 
6 O  
00 
TABLE 4 
Range of l o g l @ l  Average Faraday Fract ion of Mass o f  F i  1 aments 
Depth ( ~ m ' ~ )  Rad i a t  ion ( Solar Masses) 
-0.5 ... 0.0 0.56 0.09 0.30 
-1.0 ... -0.5 0.18 0.16 0.17 
-1.5 ... -1.0 0.056 0.18 0.06 
-2.0 ... -1.5 0.018 0.14 0.02 
-2.5 ... -2.0 0.0056 0.14 0.01 
-3.0 ... -2.5 0.0018 0.11 
-3.5 ... -3.0 0.00056 0. ll 
... -3.5 0.00018 0.07 
- 
- 
- 
TABLE 5 
Sou rcc yo1 U r n  Diameter B x lo5 Density MaSS 
3 c-33 5 x lo- 25, 25 10 3 lo-’ 1 107 
3 c-78 4 x 10- 29 3.0 1 4 x 10’ 
Fornax A ( a )  1 x 1070 89 0.8 3 3 x 109 
Fornax A ( b )  1 x 1070 89 0.8 3 loo5 3 x lo8 
( cm=> (kpc) (Gauss) (an’’) (Me, 
3 c-98 6 x 10- 
Pictor  A 2 x 1070 
Taurus A 6 x 
3c-270 2 x lorn 
3 c-273 3 x lo= 
Centaurus A ( a )  
Centaurus A (b) 
2 x loss 
5 x lo7’ 
Hercules A 3 x 1070 
3 c-327 1.6 x 1070 
3 c-433 3 x 10- 
3 c-353 5 x l o d e  
34 
103 
0.0016 
8.6, 0.6 
10, 10 
3.5, 3.5 
120, 120 
100, loo 
25, 25 
26 
25 
3 2 g 1.0’ 
2.4 9 1 x los 
10 0.9 0.04 
3 6 x IO-* 1 x 10’ 
8.0 5 7 x io5 
0.6 9 IO-’ 4 x io9 
1 5  3 loo4 g x lo6 
5.0 4 IO-’ 9 x lo8 
3.0 4 loo4 1 x lo8 
4.0 1 % loa 4x1049 * 
4.0 3 1 x lo8 
*This i s  an estimate of the density as model 0 does f i t  the data. 
I 
Leqends t o  Fiqures 
Fiqure 1. Polar iza t ion  of a source containing a small scale 
random magnetic f ie ld .  
F i cwr t  2. Po lar iza t ion  o f  models o f  in ternal  Faraday dispersion. 
(a) Degree o f  polarization, (b) Angle o f  polar izat ion.  
Fiqure 3. Sunmary of po lar izat ion data fov the Crab nebula. 
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Fiqure 4. Faraday dispersion func t ion  o f  the Crab nebula. The 
r o t a t i o n  measure i s  taken as the zero of Faraday depth. 
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